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ABSTRACT

There s preat teiest in the scicnee colnpning « to
explore Mars by vsing microrovers thal canry sovcial
science insttuments and are capable of taveisinge Ly
distances [1). NASA has planned six additional nns o
to Mars fot 2001, 2003, and 2005, There s an oxecten
chance that rovers will be utilized in some of s
missions, Such rovers would traverse 10 sites sepatatod by
several Kilometers and place instraments aginnst ool e
ot loose rocks, search an arca for a sample of ke e
and collect rocks and soil samples for et 1o o
(2005 mission).  Qur rescarch objectives are e devclop
technologics  that cnable  such  scenarios widnn the
mission constraints of mass, power, volume. and o

This paper details the current capabilitics and bl iy
blocks of the developed research system and dose b
our near-term plans o expand  the systew capatuhitic:

1. INTRODUCTION

Scicntists |21 have thice main objectives in exploriny
Mars: 1o search for evidence of past or picsens hf oo
better understand the climate history of the planct =110
determinge the solid plancet and find out wlist res srces
provides for future explorations, These objectines can be
addressed by performing remote experiments o e
atmosphere, the soil, and the solid planct  Statioarny
landers  [3] will  provide  cexcellent  sacubhic dia
charactetizing the atmosphere and the sotl resutun.
information on the climatic history of the planci o
the atmosphere and soil are likely to be well mnaed i
accessible at most sites and so can be clhicinthy
charactenized without significant mobility. However the
atmosphere and the soil have serious diavwhadks o
understanding long term climate and  biclogic e
They are both cumulative records, cach represcniny o
single point on an cvolutionary path. In contrast the riw
record s one of discrete events whose Gime sequeiee con
be reconsttucted. The solid rock record has highes
potential, therctore, for providing unequivocal evidond
for past life, past climate, and presence of v g o th
past.

We acknowledge significant contibutiones by otin
Peters, Tim Ohm, and Richard Petiias of '1Picn 111

<1 penablesochiicmot: experiments, scientific data nauost
beoobtained bom the wob, atmosphere and rocks inan
arconear the landmy site. Due 1o the lack of high
resolutonorhita lingees and the landing error ellipse, it
15 behly desirable th st mobile systems be used to reach
dr (0 entarcas o conduct scientific expeniments. /o1
sample 1o nmsstons a - mobile rover can collect small
amounts of tock and sonl scuuples from different areas for
thereturmng spacecraty

“ 1 ho Mins Pathlhinder Rover called Sojour ner |4
1o esents the stde of the wcin flight microrovers today.
“ 1 e tover wol be sent to Mars in late 1996 and will
artve on Moars e July of 97, Sojoutnet s the i rs Lrover
to bedeployed on Ma s and as suchy its mission s himited
o nnnimal ravers and soence activity, 10will, b owever,
provade valoable dat s for the design of future noore
capable tovers Sojomnei tids very limited range (10s of
metrs), s nor vapsble of  sample  acquisition and
mia nipulanon o ¢ soiland rock acquisition. subsurface
access, pointing and bungl 01 instruments), has limited
scten ce packago Vonboard, s designed for short term
nossions (nommalmisaonas less than a month), requires
corchd anddrop convg ¢ round monitoring and con trol
thimted antonomy

Om poal a5 o develop technologies  that  overcome
Linncations detated above as well as to introduce new
capabilitios conrently notsupported. These are:

o lucrcase 1over avtonomy so that the number of
sclence  expeinnents per uplink command s
merciased, tesulting in more science data. This
mivolves crcased iatonomy {or rover navigation o
reach seience tareets, autonomous confirmation of
reaclnng  such vupets, and  use  of  sensory
iformation o swtonomously perform manipulation
and science isttoment placement and pointing.,

«  Develop the abnhity of the microrover 1o traverse long
distances by integrating a celestial sensor (¢.g., sun
sensol) o dewernmine tover's oricntation: and by
developing o deployable mast  mounted  camera
systein o send panoramic images of the surrounding
arca o the gronnd control personnel.

wcantine ibe s Robert Vev Greg ory Tharpy, Steve
the development ol Rocky 7 tover.




« Integrate representative science instrunents on s the
rover  and  develop  imtelligent  data redicnon
technigues to maximize the useful scicnee tetun,

«  Develop onboard resource analysis and decson
making capabilily so that maximune s v s
returned for the available resources.

«  Develop a distributed Internet based rover antesfae
so that scientists can provide scicnee e peinnint
requests and the general public can vicw 1oten
nnages immediately.

o Test and validate these technologics i jeatishie
seuings and with planctary scientist pa G

At a recendy held meeting  at the Jet Propolsaon
Laboratory (JPL), California Institute of  Tochinoatops
composed of planctary scientists, it was reconnncnd J o
adopt the goal ot developing rovers that can achieve - b
traverse with a probability of better than 904 e ey
tate. This commitiee also developed a priontzed b ool
scicnce instruments that are desirable for these rove s (o
carry |51

This paper provides an overview of our prolotype 1oves
called Rocky 7 and descaribes our near-term v oals
Section 2 gives a description of the mobility system
sampling  arm, sensors,  the  pereeption systeas the
navigation techmque, and the science instiuments e
term plans are discussed in Section 3 which clabotatc on
landerless operations, our plans 10 increase the numbsy ol
sctence instruments and  their autonormous opeiist
and the development of an Internet based ground cor i
stavion interface. Conclusions are given e Scohgy -
References are provided in Section 5.

Figure 1. Rocky 7 Rover without solar pancl i
Mars Yard
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2. ROCKY 7 ROVER

Inthis  webon we provide the Rocky 7 rover
cothiguration  and deiail (he constituent compon cnts.
Ligare 1 shows Rochy 7 the 3371, Mars Yard. Mars
Yard 1s a FSX25 eter outdoor test arca that closcly
stiulates Mars hlo o qernain constructed based on
stavistical analyvsis of innage es taken by Viking La nder |
and 1.

Cne mportant consideration in developing Rocky 7 has
beenats flight relevance, This has severely constrained
1 seze, mass, and poaer The size of the rover is dictated
by the size ol the payload envisioned for Surveyor
misvons - Rocky 7 micosures 48 om wide, 64 cm long,
and 32 e hiph e whieel diameter is 13 e, The
pral. power avalable on Mats using a solar panel is 15
watl The flight tover s estimated o weigh less than 12
ki Since we use commercial cotnponents on Rocky 7,
1 cuttent power constanption is higher than 15 watl, but
there are thehte cquinvadent components that can reduce
the power requinenents to 15 watt. Figures 2 and 3
show the op and side views of Rocky 7, respectively.
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Figure 3. Schematic drawing of side view of Rocky

rover and manipulator ari
2.1 Mobility System

The mobility system is a modified Rocker-Bogk depn
used in previous rovers at JPL J6]0 Te consists of 1vo
rockers (henee the name Rocky)y hinged o the sndew o
the main body. Bach rocker has a steerable wheel ot one
end and a smaller rocker at the other end. Two whieis
arce altached at the end of cach of these smalt 1ol o
The mam rockers are constrained i motion via d bowves
which is hinged at the end of the main body and s v o
ends are attached W the end of main rockers e
mechanism provides (WO anpotlant ot iy
charactenisucs for the rover. First, a wheel can be Bited
vertically while other wheels remain in contset with th,
ground. This feature provides rock climbing capahiling v
the rover. Rocky 7 can climb rocks 1S times its wloo |
diameter. Sccond, the vehicle can climb over tocks that
span the width of the vehicle, even i g rock shioost e
snugly between the front and middie whedds, ustae
smaller rocker and the two-wheel arrangemient on th

main rocker [0}

Unlike its predecessors Rocky 3 and 4 that had o
steerable whecls, Rocky 7 has only (wo.  'this
configuration has been selected o reduce the numbin of
actuators used in the rover mobility from 10 (o 8 with an
option to further reduce it 1o 6 (the two wheels on cach
small rocker can mechanically be linked o cach other
Although, this restricts the rover’s turning capabibity
i.c., the rover cannot urn exactly in place, Rocky 7'
ability to navigate forward and backward redeces the
need for turning in place moves (see Section ! 4).

2.2 Sampling System

One signiticant improvement over previous Rocky seocs
rovers s the wcorporation of a sampling device on Rk
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7. The savines o actogtors achieved by reducing the
number of steerable wheels are used to develop the
samphing systen, oy lightweight (700 gm) sampling
arm consists of o tvo DO manipulator (32 cm long) that
15 sttached o the bong of the rover and can reach 10 ¢m
belov the pround surtace. When folded, it is in a
horrzontad position aenst the front of the rover. The
arm has o two DO seoop mechanism and is designed o
both dig and carry the samples. When scoops are rolated
180 degree backward the arine can grasp objects using the
bach stde of the ~coops

In additon to samphiuy function, the arm is used o
deltver lieht to an optical fibwer via a pair of mirrors, This
1s avcomphished by configoting the scoops to a position
and exposing a nosodly closed hole. The optical fiber
cartes the light Goone o) o g point spectrometer located
inside the tover chassis (see Seetion 2.0).

2.3 Sensors

Several sensors are aed tor navigation. A rate gyro is
used 1o heep track of rover’s orientation, which needs to
be updated perniodically due o its drift. Tn addition an
accderometer s ansitled o provide pitch and roll
sntormation. The wheels are equipped with encoders for
precse savo conttol and oo estimate rover’s position,
The posiiion of the troat lever and the small rockers are
sensed by potentiomciers and can be used for rover’s
state estimation, A sunosensor has been developed by
Fockheed Maron 1o provide  an absolute  heading
mlormation. The rover s equipped with four (exteadible
o aghty COD o cameras two o at cach end, for the
pereeption systera discossed in the negt section.

2.4 Perception System

To stmphty the percepbhon system bardware, Rocky 7
uses only o passive sterco vision (7] for hazard detection
unlibe s predecessor that used a laser steiping system in
conpunction with multiple monocular cameras o detect
obstacles The stereo vision system uses a pair of
cameras with vade angie Tenses o allow viewing of both
the mampuolator and s actions as well as o permit
tnagiag of rocks and other hazards extending from ncar
the rover o a hitde shove the horizontal,

A pon ol Tunne prabbeis s used o obtain two 256X240
tnares,  Those mmages are warped 10 remove radial
distoruion and theo acdoced 0 GIX60 images by an
unaye  pytamud translormation. The  Laplacian-of-
Gaussian amages from the pyramid are processed on-
board by o corrclation algonithm 1o develop a sterco
dispority ostunate whnch s transformed by means of a
camncta model to arange map.



Using this map a decision is made as to proscin . o
absence of "step” hazards that are 100 steep Tor the rover
o climb over, ot of "high-centering” hazads that could
causce the rover body to get stuck on a rock T the careent
implementation, which has not been steamhnec 1o
speed, it take roughly 10 seconds 10 process ong pen of
images and determine whether or not there is i hszard i
the near vicinity of the rover using an onbomd 6¥01)
CPU.

One important advantage of using passive steres vosion
based pereeption is that the information oblaned o bosd
on higher resolution image processing thon the oo
striping. systern used on Sojourner [4]. Tlas allow o
detection of certain shaped rocks that could b mssed by
the laser striping system.  There are also posable
disadvantages 10 the stereo vision based parcepiion
systeme sinee featureless objects such as soimd dones o
"bland" rock walls may not be detected.

Another advantage of stereo vision system is it i
casy 10 extend the system capability by adding adihii il
catneras (o the back side of the rover and use the evvn e
infrastructure  (i.c., frame grabbers and  soltvine o
perform collision avoidance.

2.5 Navigation System

Rocky 7 navigation strategy is bascd on oper e
waypoint designation and autonomous behavior hosed
navigation to move to the specified Garpets & Y]
Operation starts with a command (o the lander which hes
a pan-glt mounted pair of stereo camaeray e tak
panoramic image of the scene by obtainay wov ol
overlapping images. Theserimages are then processed by
a similar stereo vision software 1o obtain terram tap:s oo
the ground.  An anteractive software allows one o soiedd
spectlic points ocations) on one of these mapes v &
mouse. The software returns the position of this locaraon
as calculated by the sterco vision system and displays th,
coordinates of the point. H no valid coordinate ¢vises o
the particular point, the software indicates this 1o i
operator.  The operator continues  this opeiation i
builds a path which deems (o be safe tor the tover
traverse through in moving from its initial position 10 i
target location.

Before cach move, the takes a set of images amd process
them onboard and determinge il there are obstacles (hat 1l
must avoid.  If there 1s no obstacke 10 broves o shiort
distance and then stops and repeats the same opatatnn
If it determines that there ts an obstacle, then e tns
away by a fixed amount o the night or o the 1h
depending where the obstacle is. The rover uses s
odometry and the tate gyro o update its position. bor tin
next move, it performs an obstacle detection and nd o
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sure that there is no longer an obstacle. When clear. 1t
plans a path that takes the rover to the original waypoint.
In order o stay away from the obstacle, this path s
constructed o be an o wre of a large radius, 1 the rover
torns away from an obstacle and then detects another
obstacle (o the same one). it keeps turning away until it
docs not detect any obstacles. Tt then plans a path o the
waypoint as descoabed before. However, if the rover turns
360 degices and does not find a collision-free path, it
mives up and sends aoessage o the operator.

It the rover detects an obstacle o its far Teft (or right) and
turns away and then detects another obstacle this tme to
(e G pieht Con tetoy, o will go through the mid point of
these obstacles. M situanon persists, it will conclude that
stis not Side moving forward and will back up.  Another
set ol cameras mounted on the back side of the rover can
nuthe the backing up operation much safer.

2.6 Scicnce Instraments

An mportant objective of our research in developing
rovers s o understand not only the mobility, navigation,
and  conuol asaness but o also  consider  problems
assoqated with the tecgraton of scence instiuments,
their onboard operation and data reduction.

Currently Rocky 7 has o point reflectance spectrometer
on board with 1ts hiber optic path integrated o the
rover manpulator. Ths allows the spectiometer o be
pomnied al rock/sorl Lnvets frone many different angles.
Also included on the newipulator 1s a calibration target
for taking reterepce datac tor the current illumination. In
the near future o ke will be added 1o the fiter optic
path so that the pomnt of e spectra data can e
illuninated and maeed (o confirm exactly where the
spectal dista was taken

Lhe spectometes has aorange of ~400-850 nm which is
usclul for Jooking for spectta of different minerals,
Onboard software has been have been developed and
tested which matches spectral signatures. This capability
can be used to hid Gireets antonomously by the rover,

A NEAR-TERMPL ANS

Our plans are 1o extend the corrent Rocky 7 capabilitics
i navigation snd control, and by addition of science
mstroments and thea autonomouns operations, Current
Rocky 7 operation depends on a lander for science target
sclechon and wavpoin designation.  Lander provided
tmages are used on the ground station for Sojournct
localization  and by owtonomous  1image  processing
onborad the landec tos Rocky 7. When the rover



traverses far away {rom the lander, these operations vin
no longer be suppor ted by a lander.

The scenario for the operation of the rover will conast of
traversing in the indicated direction, using o s s oy
in addition 1o existing  navigation  sensors. aind
periodically  (c.g., ~100m to 200 m) (ansaniung
panoramic images to the ground station Fhese
panoramic images will be obtained by & pair ol Goueras
mountcd on a stowable mast that is carricd by the rover
(see Section 3.3). The ground station will provide miw
commands to cither to continue to traverse 1 the e
direction or to change direction, I the site s o3 orest
o scientists, site survey commands will b isaaced. Ty
cach site survey, a panoramic image will beoused 10
designate  science targets and o0 spedity soaiee
experiment parametess (such as angle of pontiage b
science instrument relative (oo a target anstoan s
distance from a targel, and duration of datic aoqinsion,
cten). The rover will then autonomous!y portonn thy
requested science expenment. Success ol cacl o sonnee
experiment will be confirmed by the rover autononmeandy
vig executing spectfic tests for that expetimicnt

3.1 Landcrless operations

At the survey stte, the rover will provide o panoraran
image. We mentioned previously that the ground stahon
will use this panoramic image 1o select sowence tnycis
and designate waypoints o several tugcts, Dac o
nftequent communication opportunitics to the rren d
station (typically once cvery 24 hours) 1t as L hiy
desitable (o perform several science eapeninonts pxo
uplink command. Since dead teckoning crrons prov wath
tume and distance, a technigue must be used e enaae
that the rover will reach its targets. Stnee there wall g
be g lander present, the rover’s posilion canaot b
updated using a lander.

The strategy for rover localization is (o destenate sev ol
rocks near a scienee target (or waypoint) and then nse
rover steteo viston system (o mateh rocks near the poant
o these preselected rocks. The matching s doac v
both  approximate  1ock  position,  based  on d ad
reckoning, and matching rocks using then haehn Wien
a good match cxists, then the rover can dopctnmne
autonomously its  relative  position o the 1yl
constellation.

3.2 Additional Science Instruments

Two other instruments are currently beine added 1o
Rocky 7. The first is a mast mounted stereo mai ng
systeimm. This will serve to gather panoratic ey 1o
support mission operations and target selecuion T
clfectively replaces the lander camceras once the 1o
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moves out of tange of lander. Although the camera will
be monochrome. a hilter wheel system will be used o
vather troad bimd specteal data enabling color images to
e constiucted. The mast o systen dtselfl is o4
deployable/stowable system so that 1t does not constantly
shadow the solat wray and does not have 10 support
dynamic loads while the rover is moving.  The current
design for the mast systewn includes three degrees of
freedom i a s so/shoulder/elbow configuration cnabling
the cameras on the cd o be positioned more than a
meter off the ground as well as being able o pan and tilt
the cameras o get the desited imagery.  The mast
conbeuration s show, in Figure 4 in thice different
positions stowed, partiatly deployed, and fully deployed.

[‘em-ﬁ |

Figuic 4. Rocky 7 with added mast shown in three

positions

The other mstrument being added to the rover systen is a
close up imager that will use & monochrome camera and
active lighting source  “This will be packaged as a
“dummy” insoument (500g soda can) representing an
APX or Mosshaucer spectrometer which would have to be
placed against a desipnated target. The instrument will
bo wownted on the end of the mast and the mast degrees
ol trecdom will be wilized (o position mstrument against
tocks e front of the vover. Passive comphance will be
used o allow the msttument w orient itselt normal to the



larget surface and  contact sensors nsed o confung
placement.

On-board science data processing will be explosed v the
future both in s of data compression o niect
communication bandwidth constraints as well 1. o
board data analysis.  Although it is desirable 10 1ciunn all
raw data and guide the rover during cach stp o
operation,  communication  limitations requie el
autonomy.  Therefoie, providing the 1over wide 1he
capability to utilize science data in subscquent opreration
o maximize science data return is highly destrable 1w
instance the rover could potentially use an upl b o
spectral signatore o automatically find multiple sariples
of interest via spectral matching and carry oat i s
analysis alt in a single uplink command.

3.3 Increased Autonomy

Mission scicnee 1eturn is a function of rover's auton s
The more autonomous operations  there s the
science can be returned for cach day’s operahon. This
applics 1o both  navigation and  scicnee it
placement and pointing operations. The remole systein
must theretore be highly  autonomous, antomasn aliy
executing  tasks  and recovering  from farlires
Furthermore we believe that this autononme O
should be driven by the science mission o1 scicnce Lk
which must be performed.

[N

A tover command and control language oxphiaid.
lerms of the science tasks (c.g., g0 10 SPeCHine 1ok
take close-up image and APX spectra) is cotrently b
developed. The language is being written o support |
addition of new commands as well as sequence branclne
(c.g., it rock has specified spectia then take tho W
hope to demonstrate the ability of the conts ol sy st g
autonomously sequence through 3 or more scicinee Lis
as welbas monitor the suceess or failure of coch ik

<

We will also develop failure recovery and replane i
algorithms cnabling the rover (o retry o abandoy el
tasks.  We will intoduce resource monitorine |
resource based planning 1o efficiently achicve av ny e
science objectives within a command cycle as posd
Resource constraints modeled will include: time, Py
data stotage, and downlink capacity.

In the lower level, we  are developing  toale
autonomous satpling and scienee instiunient polting
and placement. For example, the soil sampling opciaton
statts by an operator designating a region wheire s les
should be collected. The rover moves (o that position ¢ nd
then using the vision system cheeks for two sitie |
that can cause a problem for sampling opcration I
makes sure that the ground is relatively level and £
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from textwre. This reduces the probability of trying soil
samiple acqmisition: oo solid rocks.  The vision system
alvochecks tor possible  collision between  the
tanipuliator arm and rocks when deployed.  Only after
these v tests indicale that the conditions are satisfied
for sampling. the ann s automatically deployed and
samples are oblained (note that the arm currently checks
aml detects die ground using its motor current (o
deteimine exact pround height).

Similarhy, doring scicnce instrument pointing opcrations,
such av positiommg the arm for spectrometer  data
collectic the vision system is used  for severul
antonomous operations, First, it must be determined that
there is o rock as speaihed by the operator 1o perform the
expritmenton, Then it the tover is 10o far from the rock,
d move st e planned o bring the rover closer 1o the
rock. “The vision: systenn must then find a tangent plane
e the rock surface. Yanally, the collision detection
computabon must be peddonmed o ensure that the arm
will not collide witli the 1ock when deployed.  The
cotitrol system then moves the manipulator arm such that
the image collecuon tor the spectrometer is done normal
to the tangent plane,

34 Advanced Operastor Interface

L and NASA Ames Researeh Center (ARC) are
collaboratively developing o ground control station 1o
remotely command the rover and receive data from it
The operational seenario s based on the rover down-
Imking science data and stereo panoramic image pairs.
This data alone with camery parameter information
used o develop tenain inaps. These maps can then be
ubhized by o vidal reality (VR) display  systemn
developed at the NASA Ames (o provide a synthetic
imaee of the enain. An operator can use the fly-over
capahality of this VR display 1o ook at the scene 1o better
visualize the tenwin This includes g fly-over capability
allovang  viewing  panotamic  scenes from VArious
vicwpoints and  dlving  oves multiple  overlapping
PAOTANITE SCCNCs

In-addition 1w VR display, we are developing a World
Wide Web (WWW) based interface which consists of
VICWIDE an imape takon by a rover camera, Through a
mapping between tiis image and an elevation map
discussed carlier an operator can pomt and click on any
pomton the image and obtain the coordinates of the
pomt - This technique has been used before at Pl for
targer selection and waypont designation successtully.
Weare developing o WEB based version of this nterface
with added features thar will allow a scientists o sclect
seience trgets i s or her home institution vsing any
computer plattorm. Heishe will also be able to describe
the nature of a particolar science experiment to be
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4 CONCLUSTONS

Phio papect has poos sded o ovenvew of rescarch on
feti e MBS 1ovois conenng  navigalion. perceplion.
sorciee msboment pernhne and placements and operaton
it lince issues - Wo hnee o detuled our plans tor newr
futite crhancemer - b sesten. Phese cohanceements
will provde addinroed capabilities for dong range
pveanon and o tesration of  addiional scrence

Hstncnts o thie oo

Sl h tos 1o PEOVTINE COVCIN Dy Ossential
e ents of Moacs o oo tescarch related v miatenals,

spisabiiead conpaterss commumeation hardware,




thermal insulation, advanced mobility systers ol
structures are being address by other tasks atJPLj 10
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